The levels and distribution of 24 polycyclic aromatic hydrocarbons (PAHs) were determined in six water bodies along the coastal belt of Ghana using gas chromatography with flame-ionization detection (GC/FID). 
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs), a group of stable chemical compounds including two or more rings, are ubiquitous organic contaminants (xenobiotics) in the environment and belong to the group of persistent organic pollutant (POPs). Sixteen have been identified as priority pollutants by the U.S. Environmental Protection Agency (EPA) and the European Union (EU) [1] . They have relatively low solubility in water, but are highly lipophilic. PAHs bind with ash and move long distances through the air, especially those that are lighter, before those that are soluble get dissolved in rainwater and/or into rivers
MATERIALS AND METHODS

Sampling Sites
The coastal belt of Ghana is densely populated due to the intensive fishing activities that take place there. Most of the activities at all the sampling sites are very homogeneous, except for Sakumono lagoon (D) (Fig. 1 ), which receives effluents from an oil refinery and an aluminum facility. The lower Volta (E) is the estuary where the biggest manmade lake in Ghana enters the sea. The lake also houses the turbines that provide hydroelectric power to Ghana. The water bodies have a number of agricultural activities along their banks and there are several solid-waste disposal sites scattered along the banks as well, with occasional burning in an attempt to reduce the waste size. There are a number of two-stroke engine outboard motors operating on these water bodies that tend to leak oil into the water [23, 24] and coal tar is usually used to paint the fishing vessels in order to protect them from destruction. In addition, most of these water bodies pass under heavily trafficked bridges before entering into the sea. All of these activities may have an influence on the distribution of PAHs in these water bodies [25] .
Sample Collection
Samples (composite from three points on each water body) of the water were collected ten times between January and April 2007 from all six sampling sites. This period in Ghana is the dry season with no or very little rain. In all, ten samples were collected from each sampling site for the analysis. Clean amber glass bottles were used in the collection of the samples to prevent degradation from solar irradiation and bacteria growth [26] . The amber glass bottles were washed with detergents (liquid soap) and rinsed with a lot of water to remove any trace of the soap. Distilled water was then used to wash the bottles to remove ions present. The samples were carefully collected directly by hand (with gloves) into sampling bottles by pressing them under the water surface to avoid the surface layer, where surfactive materials may accumulate. The sampling bottles were twice partially filled, shaken well, and emptied before the actual filling was done. The filled bottles were immediately covered, properly labeled, and placed in an ice chest with ice for further treatment and analysis in the laboratory.
Extraction of PAH from Water
About 1.0 L of filtered (Whatman's filter paper of pore size 0.45 μm, Cellulose Nitrate) water sample (composite) from each site was poured into a separating funnel; 50 mL of dichloromethane was added followed by 0.2 mL internal standard. The content of the separating funnel was shaken well for the dichloromethane to extract as much organic components as possible from the water sample. The separating funnel was left undisturbed on a retort stand for some time so that the mixture separated into the organic and water layers. The organic layer was drained through a glass funnel, which was plugged with glass wool, filter paper, and sodium sulfate into a Zymark tube. The sodium sulfate was used to absorb water that might still be present in the organic layer.
A second extraction was carried out using an additional 50 mL of dichloromethane using the same procedure as described above, and the extract was added to the first one in the Zymark tube. One drop of iso-octane was added to the content in the Zymark tube and the tube was placed into a Turbo Evaporation Unit to reduce the volume to 1 mL. The iso-octane served as a keeper to prevent evaporation of the needed components. The extract in the Zymark tube was then transferred into a test tube using Pasteur pipette. The Zymark tube was washed with 2 mL of dichloromethane and added to the content in the test tube. The test tube was heated in a block heater and a gentle stream of nitrogen gas was used to reduce the volume to 0.5 mL. About 1.0 mL of cyclohexane was added and the mixture was evaporated to dryness followed by the addition of 0.5 mL hexane [27, 28] .
Clean-Up
Most of the unwanted components were removed from the extract, leaving the components of interest. This was achieved by using solid-phase extraction tubes containing 500 mg florisil, 3 mL by volume. This solid phase was conditioned using 6 mL of hexane; 0.5 mL of the extract was added and eluted with 6.0 mL hexane into a test tube. The PAHs in the extract were kept by the florisil column. The column was eluted again using 20% dichloromethane in hexane into another test tube and this fraction contained the PAHs. The volume was reduced to 0.5 mL and was transferred into sample vials for gas chromatography with flame-ionization detection (GC/FID) [9, 29] .
Quality Assurance and Quality Control
Recovery studies were done that involved the use of PAH-certified reference materials from the National Institute of Standards and Technology (SP 1, NIST -194B, USA). This certified sample has 26 different standard PAHs. The certified reference sample was subjected to the same extraction procedure as applied for all the water samples. Recoveries were calculated from the differences in PAH-certified concentrations and the concentrations obtained after analysis using GC/FID.
Results from the NIST reference material showed high recovery of PAHs, ranging from 94 to 101%, with an average PAH recovery of 98%. The results from the NIST reference material indicate reliability of the extraction system as well as the efficiency of the GC/FID instrument. In fact, the use of the soil reference material to assess PAH extraction efficiency from the water matrix is debatable since the two samples are of two different matrices. However, the results were used to establish the reliability of the extraction system as well as the elution efficiency of the GC/FID instrument since there was no certified reference material for the sample matrix under study at the time of the analysis.
Calculation of Carcinogenic Risk
Human health evaluation computerized software-RISC 4.02 [30, 31] was used in the evaluation of the cancer and noncancer risk assessment. Carcinogenic risks are estimated as the incremental probability of an individual developing cancer over a lifetime as a result of exposure to the potential carcinogen. This risk is referred to as the individual excess lifetime cancer risk (IELCR) or just carcinogenic risk. 
RESULT AND DISCUSSION
The results from this study showed elevated levels of some PAHs of the various water bodies (Table 1) . However, the levels obtained were low as compared to those from other studies [20, 21, 32, 33, 34] . This may be due to the fact that all the water bodies in the present study flow into the sea (open lagoons), thereby reducing the chemical load. Note: A = Pra estuary, B = Benya lagoon, C = Narkwa lagoon, D = Sakumono lagoon, E = lower Volta estuary, F = Keta lagoon. nd = below detection limit of 0.001 μg/L.
Distribution of PAHs in the Coastal Waters
Twelve of the PAHs were found in all the coastal waters analyzed and these include naphthalene, pyrene, fluorene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acephnaphthalene, acephnaphthene, 1-methylphenanthrene, 2,3,5-trimethylnaphthalene, chrysene, biphenyl, and phenanthrene. However, most of the carcinogenic PAHs were below the detection limit (<0.001 µg/L) of GC employed in the analysis. The distribution of PAHs in this study (Fig. 2) followed a similar pattern as that obtained by Maskaoui et al. [32] , Zhou and Maskaoui [33] , Wattayakorn [34] , and El-Deeb and Emara [35] . This may be a result of indiscriminate dumping and burning of municipal waste, which is a common feature in most of these environments in Ghana, especially at the Narkwa lagoon (C). Also, coal tar is used extensively to coat the canoes (fishing vessels) and most of the two-stroke engines of the outboard motors used are in a poor condition, and hence may have substantial PAH emissions. It could also be as a result of exhaust emissions from vehicles that ply these areas to cart fish. The Keta lagoon also has a number of onion farms around it and any chemical used on them may enter the lagoon. These activities may have influence on the distribution of PAHs in these water bodies [25] . A c e p h n a p h t h e n e 2 , 3 , 5 -t r im e t h y ln a p h t h a le n e F lu o r e n e P h e n a n t h r e n e A n t h r a c e n e 1 -m e t h y lp h e n a n t h r e n e F lu o r a n t h e n e P y r e n e B e n z o ( a ) a n t h r a c e n e C h r y s e n e B e n z o ( b ) f lu o r a n t h e n e B e n z o ( j, k ) f lu o r a n t h e n e B e n z o ( e ) p y r e n e B e n z o ( a ) p y r e n e P e r e ly n e I n d e n o ( 1 , 2 , 3 , c d ) p y r e n e D ib e n z ( a , h ) a n t h r a c e n e B e n z o ( g , h , i) p y r e le n e Benzo(e)pyrene, benzo(a)pyrene, perelyne, indeno(1,2,3,cd)pyrene, dibenz(a,h)anthracene, benzo(g,h,i)pyrelene, fluoranthene, benzo(a)anthracene, benzo(b)fluoranthene, benzo(j,k)fluoranthene, and chrysene were only scarcely found in all the coastal water samples. However, the presence of benzo(a)anthracene, benzo(b)fluoranthene, and benzo(j,k)fluoranthene in some of the water bodies is a source of worry since they have been stated by the International Agency for Research on Cancer (IARC) and EPA as probable human carcinogens. Most of the heavy-molecular-weight PAHs are well-known carcinogens and, therefore, their absence is good for the environment. It is worth noting that even though the substances are below detection limit, it does not imply that they are completely absent and all effort must be made so that they are not continuously dispersed. These water bodies are used by the people living around them for several human activities, thereby exposing them to several dangers and even the risk of getting cancer [7, 10] .
Total PAHs
The average levels of total PAHs recorded (in μg/L) are as follows: Pra estuary, 6.3; Benya lagoon, 7.5; Sakumono lagoon, 10.1; lower Volta estuary, 26.3; Keta lagoon, 10.6; and Narkwa lagoon, 16.1. Hence, the highest level of total PAH was found at the lower Volta estuary, which makes it the most polluted site. This is the estuary of the biggest lake in Ghana running from the north to the south, reflecting inland activities and serving as a trap for materials brought from the inland area as a result of flocculation, precipitation, and sedimentation, or by careless waste disposal directly into the river. There are also hydroelectric power turbines in a dam upstream with a number of electrical transformers and other electrical installations. However, the total levels obtained in this study are generally lower than those reported by Maskaoui et al. [32] , Zhou and Maskaoui [33] , Wattayakorn [34] , Gilbert et al. [20] , and Simpson et al. [36] , but are comparable to those by Essumang et al. [21] .
PAHs at the Individual Sites
Pra Estuary
The Pra River passes through very important gold-mining communities in Ghana. Sometimes, some alluvial gold mining occurs in the upper parts of the river. The large-scale mining activities upstream use a great deal of heavy equipment, thereby releasing a high amount of combustion-related particulate matter into the river. The following PAHs were determined: naphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acephnaphthalene, anthracene, 1-methylphenanthrene, 2,3,5-trimethylnaphthalene, fluorene, acephnaphthene, biphenyl, phenanthrene, pyrene, and benzo(j,k)fluoranthene (Fig. 3) . The presence of benzo(j,k)fluoranthene raises concern since it has been classified by the IARC and EPA as a probable human carcinogen. This water body is used for fishing and domestic use by the people living around it, thereby exposing them to several dangers and the risk of getting cancer [10] . N a p h t h a l e n e 2 -m e t h y ln a p h t h a le n e
-m e t h y ln a p h t h a le n e 2 , 6 -d im e t h y ln a p h t h a le n e B ip h e n y l A c e p h n a p h t h a le n e
A c e p h n a p h t h e n e 2 , 3 , 5 -t r im e t h y ln a p h t h a le n e F lu o r e n e P h e n a n t h r e n e A n t h r a c e n e 1 -m e t h y lp h e n a n t h r e n e F lu o r a n t h e n e P y r e n e B e n z o ( a ) a n t h r a c e n e C h r y s e n e B e n z o ( b ) f lu o r a n t h e n e B e n z o ( j, k ) f lu o r a n t h e n e B e n z o ( e ) p y r e n e B e n z o ( a ) p y r e n e P e r e ly n e I n d e n o ( 1 , 2 , 3 , c d ) p y r e n e D ib e n z ( a , h ) a n t h r a c e n e B e n z o ( g , h , i) p y r e le n e 
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Benya Lagoon
The fourth largest fishing harbor in Ghana is sited in this lagoon, attracting quite a number of fishing trawlers from all corners of the country. The following PAHs were determined: 2-methylnaphthalene, acephnaphthalene, acephnaphthene, 2,3,5-trimethylnaphthalene, 1-methylphenanthrene, pyrene, benzo(b)fluoranthene, and 2,6-dimethylnaphthalene (Fig. 4) . The presence of benzo(b)fluoranthene raises concern since it has been classified by the IARC and EPA as a probable human carcinogen. This water body is used for several human activities, such as fishing and salt extraction, by the people living around it, thereby exposing them to several dangers and the risk of getting cancer [10] . N a p h t h a l e n e 2 -m e t h y ln a p h t h a le n e
-m e t h y ln a p h t h a le n e 2 , 6 -d im e t h y ln a p h t h a le n e B ip h e n y l A c e p h n a p h t h a le n e
Sakumono Lagoon
The Sakumono lagoon (D) receives effluents from an oil refinery and an aluminum facility. The following PAHs were determined: naphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, acephnaphthalene, anthracene, 1-methylphenanthrene, phenanthrene, fluoranthene, pyrene, acephnaphthene, 2,3,5-trimethylnaphthalene, fluorene, chrysene, and benzo(b)fluoranthene (Fig. 5) . The presence of benzo(b)fluoranthene raises concern since it has been classified by the IARC and EPA as a probable human carcinogen. This water body is used for fishing by the people living around it, thereby exposing them to some dangers and the risk of getting cancer [10] .
Lower Volta Estuary
The lower Volta (E) empties Lake Volta, the largest manmade lake in the world that, via the Aksombo Dam, provides hydroelectric power to Ghana before the water reaches the estuary. There are quite a number of old electrical transformers, some in still use and others not in use. Most of these transformers have some organic chemicals as the dielectric material in them. It is therefore possible for some leakage A c e p h n a p h t h e n e 2 , 3 , 5 -t r im e t h y ln a p h t h a le n e F lu o r e n e P h e n a n t h r e n e A n t h r a c e n e 1 -m e t h y lp h e n a n t h r e n e F lu o r a n t h e n e P y r e n e B e n z o ( a ) a n t h r a c e n e C h r y s e n e B e n z o ( b ) f lu o r a n t h e n e B e n z o ( j, k ) f lu o r a n t h e n e B e n z o ( e ) p y r e n e B e n z o ( a ) p y r e n e P e r e ly n e I n d e n o ( 1 , 2 , 3 , c d ) p y r e n e D ib e n z ( a , h ) a n t h r a c e n e B e n z o ( g , h , i) p y r e le n e to the lake and that may have contributed to the high total PAHs in its estuary. The following PAHs were determined: naphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, biphenyl, acephnaphthalene, pyrene, 1-methylphenanthrene, acephnaphthene, 2,3,5-trimethylnaphthalene, fluorene, chrysene, and benzo(a)anthracene (Fig. 6 ). The presence of benzo(a)anthracene raises concern. This water body is also used for several human activities, including fishing and drinking, by the people living around it, thereby exposing them to some dangers and the risk of getting cancer [10] .
Keta Lagoon
The Keta lagoon, apart from the other activities that pertain in all the sites, has a number of onion farms around it and any chemical used on them may enter into the lagoon. The following PAHs were determined: naphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, biphenyl, acephnaphthalene, pyrene, acephnaphthene, 2,3,5-trimethylnaphthalene, fluorene, phenanthrene, chrysene, benzo(j,k)fluoranthene, fluoranthene, and 1-methylphenanthrene (Fig. 7) . The presence of benzo(j,k)fluoranthene raises concern. This water body is used for fishing by the people living around it, thereby exposing them to some dangers and the risk of getting cancer [10] .
Narkwa Lagoon
There were high rates of indiscriminate dumping and burning of municipal waste at the Narkwa lagoon (C) vicinity. Coal tar is also used extensively to coat the canoes (fishing vessels) and most of the two-stroke engines of the outboard motors used are in poor condition, which may contribute to some PAH emissions.
The following PAHs were determined: naphthalene, 2-methylnaphthalene, 2,6-dimethylnaphthalene, biphenyl, phenanthrene, 1-methylnaphthalene, pyrene, anthracene, acephnaphthalene, acephnaphthene, 2,3,5-trimethylnaphthalene, benzo(j,k)fluoranthene, and 1-methylphenanthrene (Fig. 8) . The high level of A c e p h n a p h t h e n e 2 , 3 , 5 -t r im e t h y ln a p h t h a le n e F lu o r e n e P h e n a n t h r e n e A n t h r a c e n e 1 -m e t h y lp h e n a n t h r e n e F lu o r a n t h e n e P y r e n e B e n z o ( a ) a n t h r a c e n e C h r y s e n e B e n z o ( b ) f lu o r a n t h e n e B e n z o ( j, k ) f lu o r a n t h e n e B e n z o ( e ) p y r e n e B e n z o ( a ) p y r e n e P e r e ly n e I n d e n o ( 1 , 2 , 3 , c d ) p y r e n e D ib e n z ( a , h ) a n t h r a c e n e B e n z o ( g , h , i) p y r e le n e N a p h t h a l e n e 2 -m e t h y ln a p h t h a le n e 1 -m e t h y ln a p h t h a le n e 2 , 6 -d im e t h y ln a p h t h a le n e B ip h e n y l A c e p h n a p h t h a le n e A c e p h n a p h t h e n e 2 , 3 , 5 -t r im e t h y ln a p h t h a le n e F lu o r e n e P h e n a n t h r e n e A n t h r a c e n e 1 -m e t h y lp h e n a n t h r e n e F lu o r a n t h e n e P y r e n e B e n z o ( a ) a n t h r a c e n e C h r y s e n e B e n z o ( b ) f lu o r a n t h e n e B e n z o ( j, k ) f lu o r a n t h e n e B e n z o ( e ) p y r e n e B e n z o ( a ) p y r e n e P e r e ly n e I n d e n o ( 1 , 2 , 3 , c d ) p y r e n e D ib e n z ( a , h ) a n t h r a c e n e B e n z o ( g , h , i) p y r e le n e benzo(j,k)fluoranthene present in this water body raises concern. This water body is used for fishing activities by the people living around it, thereby exposing them to some dangers and the risk of getting cancer [10] . A c e p h n a p h t h e n e 2 , 3 , 5 -t r im e t h y ln a p h t h a le n e F lu o r e n e P h e n a n t h r e n e A n t h r a c e n e 1 -m e t h y lp h e n a n t h r e n e F lu o r a n t h e n e P y r e n e B e n z o ( a ) a n t h r a c e n e C h r y s e n e B e n z o ( b ) f lu o r a n t h e n e B e n z o ( j, k ) f lu o r a n t h e n e B e n z o ( e ) p y r e n e B e n z o ( a ) p y r e n e P e r e ly n e I n d e n o ( 1 , 2 , 3 , c d ) p y r e n e D ib e n z ( a , h ) a n t h r a c e n e B e n z o ( g , h , i) p y r e le n e 
Cancer Risk Assessment
A human health cancer risk assessment was carried out on the PAHs benzo(a)anthracene, benzo(b)fluoranthene, and benzo(j,k)fluoranthene (Table 2) using Human Health Evaluation computerized software-RISC 4.02 [31] , since their presence in these water bodies is of concern because they have been classified by the IARC and EPA as probable human carcinogens. These water bodies are used for fishing and for some domestic purposes by the people living around them, exposing them to several dangers and the risk of getting cancer [10] . Also, fish caught in these water bodies are sold to people in the urban areas and, as result, each one stands exposed. The estimated lifetime cancer risk for adult users of the lower Volta estuary is as follows: (Oral): CTE = 6.5E-07 and RME = 2.0E-05, (Dermal); CTE = 9.7E-04 and RME = 7.3E-03 for chronic exposure to benzo(a)anthracene (Table 2 ). This means that between 7 out of 10,000,000 and 7 out of 1000 adults are likely to suffer cancer-related illness in their lifetime due to benzo(a)anthracene exposure. For children of similar exposure, between 5 out of 10,000,000 and 2 out of 1000 children (Table 2 ) are likely to suffer cancer-related illness in their lifetime due to benzo(a)anthracene exposure [37] .
The estimated lifetime cancer risk for adult users of the Benya and Sakumono lagoons is between 8 out of 10,000,000 and 2 out of 100 adults ( Table 2 ) that are likely to suffer cancer-related illness in their lifetime due to benzo(b)fluoranthene exposure. For children of similar exposure, between 6 out of 10,000,000 and 6 out of 1000 children (Table 2 ) are likely to suffer cancer-related illness in their lifetime due to benzo(b)fluoranthene exposure [37] .
The estimated lifetime cancer risk for adult users of the Pra estuary and the Keta and Narkwa lagoons is between 10 out 100,000,000 and 1 out of 100 adults ( Table 2 ) that are likely to suffer cancer-related illness in their lifetime due to benzo(j,k)fluoranthene exposure. For children of similar exposure, between 2 out of 100,000,000 and 3 out of 1000 children (Table 2 ) are likely to suffer cancer-related illness in their lifetime due to benzo(j,k)fluoranthene exposure [37] . 
CONCLUSION
PAHs were found at all the sampling sites studied. Especially the lower-molecular-weight and the methylated PAHs, which are less carcinogenic to humans, were found at all sites. However, the presence of benzo(a)anthracene, benzo(b)fluoranthene, and benzo(j,k)fluoranthene is of much concern since their presence in these water bodies poses a greater health risk for the inhabitants. The human health cancer risk assessment studies carried out indicate that there were varied (possible) cancer risks among the inhabitants, depending on which water body they were in contact with [7] . There are various sources of PAHs that get into these water bodies. These may include (a) deposition of airborne particulates; (b) surface run-off from roads and land surfaces; (c) direct inputs from industrial and sewage effluents, and fossil fuel products; or (d) burning of solid waste. It is therefore important that the inhabitants, who know virtually nothing about PAHs and their harmful effects, are educated on the best practices to reduce indiscriminate burning of garbage (solid waste) to minimize PAH transport in the environment, and to take other actions against the dispersal of PAHs.
